Utricularia gibba is an aquatic carnivorous plant with highly specialized morphology, featuring fibrous floating networks of branches and leaf-like organs, no recognizable roots, and bladder traps that capture and digest prey. We recently described the compressed genome of U. gibba as sufficient to control the development and reproduction of a complex organism. We hypothesized intense deletion pressure as a mechanism whereby most noncoding DNA was deleted, despite evidence for three independent whole-genome duplications (WGDs). Here, we explore the impact of intense genome fractionation in the evolutionary dynamics of U. gibba's functional gene space. We analyze U. gibba gene family turnover by modeling gene gain/death rates under a maximum-likelihood statistical framework. In accord with our deletion pressure hypothesis, we show that the U. gibba gene death rate is significantly higher than those of four other eudicot species. Interestingly, the gene gain rate is also significantly higher, likely reflecting the occurrence of multiple WGDs and possibly also small-scale genome duplications. Gene ontology enrichment analyses of U. gibba-specific two-gene orthogroups, multigene orthogroups, and singletons highlight functions that may represent adaptations in an aquatic carnivorous plant. We further discuss two homeodomain transcription factor gene families (WOX and HDG/HDZIP-IV) showing conspicuous differential expansions and contractions in U. gibba. Our results 1) reconcile the compactness of the U. gibba genome with its accommodation of a typical number of genes for a plant genome, and 2) highlight the role of high gene family turnover in the evolutionary diversification of U. gibba's functional gene space and adaptations to its unique lifestyle and highly specialized body plan.
Introduction
Polyploidy, or whole-genome duplication (WGD), is a common evolutionary phenomenon among seed plants (Lynch and Conery 2000; Blanc et al. 2003; Blanc and Wolfe 2004; Cui et al. 2006; Fei et al. 2006; Jiao et al. 2011; Proost et al. 2011) , and is believed to promote phenotypic diversity and speciation, including the explosive early diversification of angiosperms (De Bodt et al. 2005; Soltis and Burleigh 2009; Amborella Genome Project 2013) . It is well known that following polyploidization, homologous genes from the newly formed subgenomes undergo a fractionation process whereby mutational events, including deletion, lead to unequal representation of genes from the ancestral genomes in the descendant polyploids. Given that all flowering plants share at least two underlying WGDs (Jiao et al. 2011) , and that many lineages have undergone additional WGDs, their genomes have a complex gene content in terms of both the structural interrelationships and functional diversification of duplicates. On top of this complexity, which becomes further compounded upon sequential WGDs, are the numerous small-scale duplications (SSDs) that continuously lead to the birth of new genes. As such, the genomic landscape generated by gene duplication events has imparted seed plants with extensive substrate for their functional and phenotypic diversification. At the same time that complex gene content landscapes evolve, plant genomes also change in terms of their noncoding DNA complement. For example, extremes of genome expansion and contraction are known to have occurred largely on the basis of alterations in repetitive DNA alone (Ibarra-Laclette et al. 2013; Nystedt et al. 2013) .
Utricularia gibba, noteworthy for having one of the smallest sequenced genomes of any angiosperm (Ibarra-Laclette et al. 2013) , is a compelling new system in which to ask how the diversification of plant form and function is accomplished at the genetic and genomic levels (Albert et al. 2010) . Utricularia gibba is an aquatic carnivorous plant with a highly specialized morphology, remarkable for its fibrous floating networks of branches and leaf-like organs, its complete lack of recognizable roots, and its trapping structures of poorly known ontogeny that serve to capture and digest prey (Chormanski and Richards 2012) . These bladder traps ( fig. 1) , with variations on a single theme found across approximately 200 diverse species (Taylor 1989) , are arguably a key evolutionary innovation (Albert et al. 2010) . Although the genomes of Norway spruce and U. gibba contain approximately the same number of protein-coding genes (~28,500), their overall size varies more than 250-fold (at 20,000 vs. 82 Mb, respectively).
To account for genome size reduction in U. gibba from moderately large-genome ancestors in the angiosperm family Lentibulariaceae (Veleba et al. 2014) , we previously hypothesized intense, global deletion pressure as a mechanistic rationale (with currently unknown molecular basis) whereby most of the plant's noncoding DNA was deleted, with mobile element insertion suppressed, and despite any temporary gains from three syntenically detected sequential WGD events (Ibarra-Laclette et al. 2013 ). These syntenic analyses indicated considerable gene fractionation among the multiple U. gibba subgenomes, similarly implicating strong deletion pressure on functional gene space. As we hypothesized previously, some genes gained from WGD events might have buffered against lineage extinction in the face of rampant deletion. However, it remains to be determined whether or not gene gains and losses have occurred at quantitatively different rates significant enough to account for our anecdotal observations, and whether the differential gain and loss of genes in U. gibba represent fixation of a more or less functionally diverse gene space relative to other plants.
Several recent studies have modeled patterns of gene turnover among multiple plant genomes to assess lineage-specific functional specialization (Amborella Genome Project 2013; Cai et al. 2014; Denoeud et al. 2014) . However, comparatively little research on plant genomes exists that specifically focuses on uncovering differential rates of gene family gains and losses among species (see, however, Guo 2013) . Here, we analyze U. gibba gene space turnover from a quantitative perspective, independent of synteny considerations, by statistically modeling gene family (orthogroup) gain/death (GD) in a phylogenetic framework with the genomes of four representative core eudicot species, the asterids tomato and Mimulus, and the rosids Arabidopsis and grape, all of which have gene annotations suitable for performing comparative genomic analyses (Ibarra-Laclette et al. 2013) . After comparing several statistical models for best fit, we estimated independent GD rates in each branch of the tree, while accounting for GD heterogeneities among gene families through a discrete Gamma distribution approach (Yang 1994; Librado et al. 2014) . In accord with our deletion pressure hypothesis, we show that the U. gibba gene death rate is significantly higher than for the four other eudicot species. Interestingly, the gene gain rate is significantly higher in U. gibba as well, possibly facilitating the previously hypothesized buffering effect of gene duplicates generated through WGD and SSD in preventing genomic collapse. Gene ontology (GO) functional enrichment analyses of the U. gibba-specific two-gene orthogroups, multigene orthogroups, and singletons (i.e., orthogroups composed of individual genes with no paralogs) highlight functions that appear significant for a carnivorous plant, as well as for individual adaptation to a unique environment. We further examine two transcription factor gene families that show conspicuous and differential expansions and contractions in U. gibba in specific subfamilies. We discuss these findings in light of the elevated strength of purifying and positive selection required by a contracting genome, wherein genes gained despite marked deletion pressure should emphasize candidates for lineage-specific adaptations.
Results and Discussion
Gene Family Classification Reflects Action of Deletion Pressure on U. gibba Gene Space Gene families in the genomes of U. gibba and four other plant species (supplementary table S1, Supplementary Material online) were classified as orthogroups using OrthoMCL ( fig. 1 ). The five species examined, which show different histories of WGD, represent diverse core eudicot lineages, including the asterids Mimulus, tomato and U. gibba, and the rosids Arabidopsis and grape ( fig. 1 ). Our classification identified 17,324 orthogroups containing two or more genes, which included a total of 93,865 sequences. In total, 39,363 singletons ("orthogroups" containing single genes) were identified (table 1) . Despite the fact that the U. gibba genome contains more genes total than all others compared except tomato, fewer U. gibba genes cluster into multigene orthogroups than in the other species (table 1) . Moreover, the average number of genes among these multigene families is lower than in the other species. There are also fewer gene families unique to U. gibba, and these species-specific orthogroups contain fewer genes on average than similar families in the other species compared, with the Arabidopsis genome having the most. Finally, U. gibba contains a greater proportion of singleton genes than all other species. These results are fully consistent with a gene space under continuous deletion pressure, as previously hypothesized; multigene families in U. gibba appear to be under more intense fractionation pressure and therefore tend to be smaller in size than in the other species, despite three rounds of WGD, with many unique gene families possibly even reducing to singleton status.
Probabilistic Analysis of Gene Family Turnover Reveals Significantly Higher Gene Gain and Death Rates in U. gibba
We examined the evolutionary dynamics of gene family size within the phylogenetic and statistical framework provided by BadiRate (Librado et al. 2012) . Particularly, we used our orthogroup classification to quantify the turnover rate acceleration suggested for U. gibba, relative to the other species. We evaluated the fit of five different stochastic models of gene turnover that estimated GD rates and the number of ancestral genes at each internal node of the phylogenetic tree. Statistical comparison of different stochastic models through AIC testing revealed that the best-fit model was GD-FR-ML + dG3, highlighting extensive turnover heterogeneity among lineages and families (supplementary table S2, Supplementary Material online).
We estimated the ML parameters of the GD-FR-ML + dG3 model with 500 replicates to assess their robustness. In total, 337 of the 500 replicates reached convergence. Interestingly, the ML shape parameters indicated that the resulting discrete Gamma distribution used to model heterogeneity among families was leptokurtic for the gain rate ( gain = 0.232 [0.152-45.455]), but not for the death rate ( death = 181.191 [0.012-252.829] ). This gene gain heterogeneity among families may not be biologically meaningful, but instead likely reflects the mathematical differences underlying the GD rate parameters. Unlike the death rate, the gain rate is not normalized by the actual number of family members, so that the larger the gene family, the higher the gain rate (Librado et al. 2012) . Therefore, the leptokurtic Gamma distribution may not result from uneven gene gain pressures among families, but from differences in the number of members per family.
With the exception of U. gibba, our estimated gene turnover rates (supplementary table S3, Supplementary Material online) are quite comparable to those inferred for yeast,
Phylogenetic tree summarizing the evolutionary relationships of Utricularia gibba and four other eudicot species. Blue and red circles represent (undated) whole-genome duplication and triplication events, respectively, that are known to have occurred somewhere along internal or external branches. Numbers at internal nodes indicate the number of ancestral genes as retrieved under the best-fit BadiRate gene family turnover model (GD-FR-ML + dG3). Numbers on the branches denote the minimum number of gains (blue) and losses (red) estimated from the data. In both cases, confidence intervals resulting from the bootstrap analysis are shown between brackets. Branch lengths reflect evolutionary time (in millions of years), based on estimates from TimeTree (Hedges et al. 2006) , which are shown along the scale bar. Drosophila, mammals, and other green plant species: approximately = 0.001-0.002 gene gains and losses per gene every million years, where & (gain rate + death rate)/2 (Hahn et al. 2005; Hahn, Demuth, et al. 2007; Guo 2013) . Indeed, U. gibba showed significantly higher gene GD rates than the other plant species surveyed here (P ( 0.05; Wilcoxon rank test; fig. 2 ). Using these GD estimates, we performed a joint ancestral reconstruction of the number of genes at ancestral nodes ( fig. 1 ). As can be observed, the total number of gene gain and loss events was higher for the U. gibba lineage than for the rest of branches in the phylogeny. Overall, these results independently support two central hypotheses of Ibarra-Laclette et al. (2013): 1) that the U. gibba genome evolved under intense deletion pressure, leading to many gene losses over time, and 2) that WGDs, and on-going SGDs, may have provided additional gene copies, through gene family acquisitions and expansions, that could help buffer against genomic collapse and lineage extinction.
Utricularia-Specific Singletons and Orthogroups Are Enriched in Peptidases, Cell-Wall Metabolic functions, and Transcription Factors
The higher rates of gene family turnover observed in U. gibba explain the lower average number of genes per family, as well as the higher fraction of singletons observed in its genome. Although several studies have addressed general GO functional enrichments among angiosperms, for example, generally across singletons in connection with the dosage balance hypothesis (Duarte et al. 2010; De Smet et al. 2013) , our present purpose is to focus solely on enrichments of orthogroup classes specific to U. gibba. Therefore, to gain insights into the functional significance of the high gene turnover rates uniquely found in the Utricularia lineage, we analyzed the distribution of GO terms among genes corresponding to U. gibba-specific singletons, two-gene families, and multigene families. For this purpose, we used a GO functional annotation obtained using BLAST2GO (Conesa et al. 2005 ) on the basis of protein homology and additional sources of evidence (INTERPRO functional domains, KEGG Enzymes, ANNEX). We argue from the perspective that, in the face of a demonstrably higher gene death rate than other plant species, the increased strength of purifying or positive selection required to fix gene content changes in U. gibba should yield particularly conspicuous signatures of specific adaptations. Among the 10,047 genes defined as U. gibba-specific singletons, 11 GO slim terms and 2 generic GO terms were found to be significantly enriched (table 2 and supplementary  tables S4 and S5, Supplementary Material online). Most of these corresponded to general metabolic processes or
Boxplots of gene turnover rates (gains and deaths) for each lineage under the best-fit model (GD-FR-ML + dG3) for each class of families (high, medium, and low) according to a discrete Gamma distribution with three categories. Results from 500 bootstrap replicates reaching convergence (337) are shown. The shapes of the discrete Gamma distributions are modeled through their alpha = beta parameters, following Yang (1994) . P values resulting from Spearman rank tests of significance of the differences in average of estimates for Utricularia gibba and the four other species are indicated (*P < 1 E-05; **P < 1 E-10; ***P < 1 E-15).
catalytic activities, including 354 and 310 genes annotated with the terms "cellular amino acid metabolic process" and "carbohydrate metabolic process," respectively. The latter category included many species-specific singletons involved in the biosynthesis of cellulose, xyloglucan, pectin and trehalose, a set of enzymes commonly involved in different carbohydrate metabolic pathways of plant cell walls and membranes. It is tempting to speculate that this enrichment could reflect molecular adaptations for increased physiological and metabolic plasticity in a habitat that frequently transitions from terrestrial to aquatic environments (Taylor 1989; Reut and Fineran 2000) . For example, cellulose, immersed in a matrix of hemicellulose and pectin and rigidly bound together by lignin, evolved in land plants to form a rigid network structure that 1) acts as a defense barrier against ecological constraints; 2) transports water, nutrients, and signaling molecules efficiently; and 3) provides structural support in terrestrial habitats. Furthermore, specific types of pectin are known to be involved in strengthening plant cell walls (Harholt et al. 2010 ). On the other hand, trehalose accumulates at very low levels among vascular plants, except in resurrection plants (Selaginella) where it confers tolerance to desiccation and other abiotic stresses (Wingler 2002) likely by preventing the denaturation of cellular proteins (Marquez-Escalante et al. 2006) . In this respect, it is worth mentioning that one of the generic GO terms found as enriched before correcting for multiple testing (supplementary table S2, Supplementary Material online) is "plant-type cell-wall loosening," corresponding to five expansin-like protein singletons. Expansin activity is most often associated with cell-wall loosening in growing cells, but it is also implicated in other developmental processes during which cell-wall loosening occurs (Sampedro and Cosgrove 2005) , including dehydration and rehydration of resurrection plants (Jones and McQueen-Mason 2004) .
Following examination of singletons, we then examined for GO enrichment/depletion among genes belonging to U. gibba-specific two-gene orthogroups versus all genes in the genome, partitioned by either generic GO terms or Plant GO slim terms (table 2 and supplementary tables S6 and S7, Supplementary Material online). Among the 838 genes clustered into U. gibba-specific two-gene orthogroups, 9 GO slim terms (out of a total of 104) and 11 generic GO terms (out of a total of 4,330) were specifically enriched in the U. gibba genome (table 2). Many enriched GO terms were generically related to transcriptional regulation, and corresponded to U. gibba-specific inparalogs encoding transcription factors from different families, including GRAS, NFYC9, bZIP, ERF, WRKY, bHLH, C2C2-Dof, NAC, MYB, and G-box binding. We have suggested elsewhere that gene family expansions of transcriptional regulators may have impacted the evolution of the unique Utricularia body plan (Carretero-Paulet et al. 2015) .
Finally, we examined for GO enrichment/depletion among genes belonging to U. gibba-specific multigene orthogroups (table 2 and supplementary tables S8 and S9, Supplementary Material online). Among the 607 genes clustered into the 137 U. gibba-specific multigene families, 11 GO slim terms (out of a total of 104) and 29 generic GO terms (out of a total of 4,330) were found to be specifically enriched in the U. gibba genome (table 2). Most of the enriched GO terms can be operationally grouped into three main biological processes (discussed separately below) that might have played a role during Utricularia phenotypic diversification.
One of these general functions corresponds to genes involved in carbohydrate metabolic processes related to cellwall biosynthesis (table 2 and supplementary tables S8 and S9 , Supplementary Material online), perhaps similarly to some of the singletons reported above. For example, 12 genes encode galactoside 2-alpha-L-fucosyltransferase enzymes, which are involved in xyloglucan biosynthetic pathways, xyloglucan being the most abundant hemicellulose in the primary cell wall of eudicot plants (Perrin et al. 1999; Del Bem and Vincentz 2010) . Similarly, another four genes encoded enzymes showing UDP-xylosyltransferase activity, which catalyzes the transfer of xylose into xyloglucan (Faik et al. 2002) . Some of these genes were also annotated with the term "(plant-type) cell-wall biogenesis," which also appears as significantly enriched among U. gibba-specific multigene orthogroups.
A second group of GO terms enriched among U. gibbaspecific orthogroups corresponds to proteolysis/protein metabolic processes and specific peptidase enzymatic activities, including "cysteine-type peptidase activity" (17 genes, belonging to two U. gibba-specific families) and "serine-type carboxypeptidase activity" (eight genes, belonging to two U. gibba-specific families). Interestingly, these enrichments may reflect U. gibba's metabolic adaptations to a carnivorous lifestyle. For example, some of the genes annotated as "cysteine-type peptidase activity" are KDEL-tailed cysteine endopeptidases, CEP1-like. According to the MEROPS peptidase database (http://merops.sanger.ac.uk/, last accessed February 13, 2014), these enzymes belong to peptidase family C1 (the papain family), which contributes proteolytic activity to the digestive vacuoles of protozoa and to the lysosomal system of eukaryotic cells. In Arabidopsis, members of this family have been reported to play several roles as regulators of plant development and disease resistance (Beers et al. 2004 ), particularly in programmed cell death (PCD), by digesting the components that form the basic scaffold for cell-wall formation (e.g., extensins). In fact, they are especially expressed in tissues that collapse during final stages of PCD, and in the course of lateral root formation (Helm et al. 2008) . Likewise, the genes annotated with the term "serine-type carboxypeptidase activity" belong to family S10. Although they are implicated in structural roles, their functions have been suggested to extend beyond protein degradation and processing to include activities such as the production of secondary metabolites (Fraser et al. 2005) . Finally, and perhaps related to this, we found the term "aspartic-type endopeptidase enzymatic activity" as enriched, although not significantly so after correction, among U. gibba-specific two-gene orthogroups (supplementary table S6, Supplementary Material online). Four of the six genes annotated with this term belong to family A1B of the MEROPS peptidase database. The type protein of the A1 peptidase family is pepsin, which has long been known for its contribution to proteolysis of food proteins in the vertebrate stomach. It has been speculated that an evolutionarily early function of A1 peptidases may have been the external digestion of food proteins by saprophytic organisms. In plants, nepenthesin, from the insectivorous pitcher-plant Nepenthes gracilis, has a nutritional function comparable to that of pepsin (Athauda et al. 2004 ). Furthermore, the widespread tissue expression of nepenthesin-like aspartic protease genes in Arabidopsis suggests their ubiquitous occurrence and multiple potential functions (Takahashi et al. 2008 ).
As similarly observed among two-gene families, a third set of enriched GO terms was generically related to transcriptional regulation, and mostly corresponds to subfamilies of large transcription factor families, for example, WRKY, WUSCHEL-LIKE HOMEOBOX (WOX), SHORT VEGETATIVE PHASE (SVP from the MADS box family), HOMEOBOX-LEUCINE ZIPPER, or AP2-EREBP (table 2 and  supplementary tables S8 and S9, Supplementary Material online). To more specifically illustrate transcription factor gene family dynamics in U. gibba, we discuss below the cases of the WOX-like genes and another homeodomain TF family, HDG/HDZIP-IV, both of which have undergone expansions and contractions in U. gibba gene memberships.
The Potential Adaptive Roles of Gene Family Expansions and Contractions in U. gibba WOX and HDZIP-IV/HDG Transcription Factor Families
Previous works on transcription factor gene families in plants have provided interesting examples of the roles of lineagespecific differential expansions and contractions in the transcriptional regulation of key growth and developmental processes (Nam et al. 2004; Wilkins et al. 2009; Carretero-Paulet et al. 2010) . Here, we examine two examples of homeodomain transcription factor gene families (WOX and HDZIP-IV/HDG) that show conspicuous and differential expansions and contractions in specific subfamilies in U. gibba.
We first focused on the WOX gene family, reported to play critical roles in plant development. The complete set of WOX nucleotide coding sequences in the five eudicot species under study was mined from whole genomes, aligned, and their NOTE.-B, M, and C indicate biological process, molecular function, and cellular component GO classes, respectively. Sample counts (SC) and genome counts (GC) indicate the total number of genes annotated with particular GO terms among genes belonging to U. gibba-specific two-gene orthogroups (of which there are 838 genes total), multigene orthogroups (of which there are 607 genes total), or singletons (of which there are 10,047 genes total) versus the entire U. gibba genome (which contains a total of 28,494 genes). P values resulting from Fisher exact tests after Benjamini-Hochberg correction are shown. GO terms generically related to 1) proteolysis and specific peptidase enzymatic activities, 2) regulation of transcription, and 3) other enzymatic activities/metabolic processes are colored in orange, green, and blue, respectively.
phylogenies were reconstructed using two alternative methods: Bayesian inference and ML. The resulting trees have an almost identical topology ( fig. 3A) , revealing interesting patterns of expansion and contractions in specific lineages/subfamilies. For example, WUS, which acts as a master regulator of stem cell fate in the shoot meristem (Mayer et al. 1998) , forms a strongly supported clade/subfamily within the tree, with three in-paralogs in U. gibba and one in the remaining species. In contrast, WOX5, which controls stem cell fate in the root apical meristem in response to auxin (Ding and Friml 2010) , shows no ortholog in the U. gibba genome. It seems possible that the WUS-like subfamily expansion could be correlated with U. gibba's specialized body plan/highly ramified branching pattern, and WOX5 absence with the plant's lack of roots. Furthermore, the WOX1 clade is conspicuously expanded in U. gibba, with 6 distinct WOX1 paralogs, but only 1-2 members in the remaining species ( fig. 3A) . WOX1 paralogs may be particularly relevant for Utricularia vegetative development, including trap ontogeny. In fact, recent work suggests an interesting role for WOX1 and orthologs in other species in leaf blade outgrowth and margin development, downstream of adaxial/abaxial polarity establishment . LATHYROIDES, a pea ortholog of WOX1, when mutated displays pleiotropic alteration of lateral growth of organs, with particular effects on tendril development (Zhuang et al. 2012) . Utricularia bladders begin their development as tendril-like leaves, suggesting that the bladder walls may be invaginated and fused lateral leaf margins. Accordingly, we speculate that different WOX1 paralogs may have co-opted for specialized roles in trap development.
A similar analysis was performed on the class IV Homeodomain-Leucine Zipper (HDZIP-IV or HOMEODOMAIN GLABROUS-HDG) gene family (Nakamura et al. 2006) , which is broadly expressed in epidermis (Abe et al. 2003) and implicated in the trichome formation (Yang et al. 2011) . In fact, secretory/absorptive trichomes, trigger hairs, and attracting trichomes are a special feature of Utricularia's carnivorous habit. Interestingly, all U. gibba representatives clustered within six clades/subfamilies retrieved with medium to strong statistical support ( fig. 3B ). For example, the HDZIP-IV WOOLLY (WOL) subfamily was expanded in U. gibba, showing 6 members in contrast to 2-4 in the remaining species. Likewise, another U. gibba-specific expansion can be observed in the clade grouping Arabidopsis HDG11 and HDG12, where there are three U. gibba representatives and a single ortholog in the remaining three species. This was in contrast to the constancy observed in the GLABRA 2 (GL2) subclade, which is trichome specific (Rerie et al. 1994 ). Finally, a single U. gibba gene grouped with Arabidopsis HDG8, HDG9, and HDG10 and five and seven genes from tomato and Mimulus, respectively ( fig. 3B ).
These patterns of expansions and contractions observed in subfamilies of the WOX and HDG gene families provide two interesting examples for how, despite clear pressure to compact its gene space, gene duplicates in U. gibba may have also provided the substrate for the emergence of new and specialized functions. Functional specialization in gene duplicates encoding transcription factors may have allowed the acquisition of novel developmental regulatory activities, perhaps related to the acquisition of morphological adaptions of U. gibba to its particular ecological niche. In contrast, gene family contractions such as observed for WOX5 may reflect the action of random drift in a contracting genome, that is, whereby only those genes under substantial purifying selection are evolutionarily maintained. In the case of WOX5, this may correlate with relaxed evolutionary constraints to encode regulators of root development.
Conclusions
Despite its tiny size and compact architecture, U. gibba's genome accommodates a number of genes typical for a plant species, and the plant has evolved a highly specialized and complex body plan as adaptations to its unique lifestyle. In this article, we have examined the impact of high gene deletion pressure, which has shaped U. gibba's genome architecture through distinct evolutionary patterns of gene gains and losses. We examined this question from three perspectives. First, we evaluated rates of gene family turnover, which we found to be markedly different in U. gibba with respect to other eudicots; higher gene gain and death rates were consistent with 1) an extreme history of WGDs (and possibly also SGDs) that may have provided buffering gene copies to U. gibba's genome, and also with 2) the existence of intense deletion pressure, which despite production of many duplicates, led to pervasive gene loss over time. The higher fraction of U. gibba-specific singletons regarding the total number of genes in the genome, and the lower average number of genes observed in U. gibba-specific gene families, are consistent with sweeping gene loss.
Second, we examined the distribution of biological functions encoded by U. gibba-specific singletons, two-gene, and multigene families. We observed enrichment in three main functional categories that may be significant for U. gibba phenotypic diversification: 1) proteolysis and specific peptidase enzymatic activities; 2) distinct enzymatic activities and metabolic processes mainly related to amino acid metabolism and carbohydrate metabolism, the latter including several enzymes involved in cell-wall biosynthesis; and 3) regulation of gene expression involved in specific morphogenetic processes. These results support the hypothesis that differential gene gains and losses have provided multiple opportunities for the acquisition of novel gene functions that might underlie U. gibba's metabolic and morphological adaptations to its particular ecological niche.
Third, we further examined two large families of homeodomain transcription factors, WOX and HDG/HDZIP-IV. We identified conspicuous U. gibba-specific expansions and contractions in specific subfamilies involved in the transcriptional regulation of key plant growth and developmental processes, including root/shoot apical meristems, tendril-like leaf development, and trichome development. Our results identify interesting candidate genes potentially involved in the evolution of U. gibba's specialized body plan, particularly regarding the acquisition of traps and the absence of roots. Overall, our results represent a further step toward 
Materials and Methods

Gene Family Definition and GO Functional Annotation in Five Plant Genomes
The classification of groups of orthologous sequences (orthogroups, herein also referred as gene families) in five core eudicot plant species (previously used successfully in comparative genomics of U. gibba [Ibarra-Laclette et al. 2013] : U. gibba, Arabidopsis [Initiative 2000 ], Vitis [Jaillon et al. 2007 ], tomato [Tomato Genome Consortium 2012] , and Mimulus [Wu et al. 2007 ]; supplementary table S1, Supplementary Material online), was based on a BLASTP all-against-all comparison of the complete proteomes (1 Â 10 À10 ) followed by clustering with OrthoMCL v1.4 (Li et al. 2003 ) using default parameters. Transposable element genes that might interfere with our analysis due to lineagespecific expansions were filtered out from the original set of 19,518 orthogroups, resulting in 17,324 orthogroups containing a total of 93,865 proteins.
Functional annotation of the five plant genomes was performed by assigning their associated generic GO terms and enzyme codes (EC) through the Blast2GO program (Conesa et al. 2005) , and integrating information about the occurrence of INTERPRO functional domains identified by INTERPROSCAN (Zdobnov and Apweiler 2001) and KEGG EC biochemical pathways (Ogata et al. 1999) . Annotations were further expanded using ANNEX (Myhre et al. 2006 ). To provide a broader overview of plant biological processes, the resulting generic GO terms were mapped onto the corresponding Plant GO slim terms.
We performed significance analyses of differential GO term distributions by comparing different subsets of genes with the entire complement of genes (using Fisher's exact test). To control for multiple testing, the resulting P values were corrected according to Benjamini and Hochberg (1995) .
Gene Family Evolution
To analyze global rates of evolution of gene families, we applied gain and death (GD) stochastic models as implemented in the BadiRate program (Librado et al. 2012) . BadiRate provides the appropriate statistical framework for testing biologically relevant hypothesis on the input data, consisting of the species' phylogenetic tree and the size of each gene family in each extant species. The analysis was based on the rooted ultrametric tree depicting the taxonomic relationships of five plant species as returned by the NCBI taxonomy tool, with branch lengths based on estimates from TimeTree (Hedges et al. 2006) .
To detect species-specific rates of gene gain and death, we compared the fit of five different branch models with the data: 1) A global rates model (following the BadiRate notation, the GD-GR-ML model), where all lineages share the same GD rates; 2) GD-WGD-ML, which allows different GD rates between grape and the remaining lineages, all of which experienced polyploidization events; 3) GD-WGD+Utri-ML, which performed independent estimates of GD rates for grape, a second estimate for U. gibba, and a third independent estimate for tomato, Arabidopsis and Mimulus; and 4) GD-FR-ML: Free Rates (FR), estimating one independent GD rate for each branch in the tree. In addition, we also fitted a GD-FR-ML + dG3 model: FR model that takes into account GD heterogeneity across gene families using two discrete G distributions (for gain and death rates, respectively) with three gene family categories (high, medium, and low). The goodness of fit of these models was assessed using likelihood ratio tests and the Akaike Information Criterion (AIC) (Akaike 1974) . We used the best-fit branch model to estimate the gene family gain () and death () rates, as well as the joint reconstruction of the most likely ancestral gene content. Finally, we ran 500 bootstrap replicates of the best-fit branch model, and analyzed the 337 that reached convergence.
This analysis entails certain analytical challenges, mainly due to the presence of species-specific polyploidization events (in all species except grape; fig. 1 ; see also Guo 2013) . Indeed, multiple lineage-independent WGD events could cause the expansion of a given gene family in different lineages (i.e., a parallel gene family expansion). However, parallel, derived gene family expansions (e.g., post-WGD) are not likely a common phenomenon (Carretero-Paulet and Fares 2012; Denoeud et al. 2014) . Because of this, the statistical models of gene turnover downweight such scenarios, with the often erroneous inference that these gene family expansions predate species diversification (therefore, overestimating the number of genes in ancestral nodes, or complementarily, underestimating lineage-specific gene family expansions). Although further in-depth assessments are required to characterize the impact of the multiple polyploidization events on estimating gene turnover rates (Guo 2013) , it is arguable that this bias will not alter our major findings, because 1) it makes the gene family expansion analyses rather conservative, and 2) our results are sound after excluding grape (Librado P, Rozas J, unpublished results).
WOX and HDG/HDZIP-IV Families: Sequence Identification and Phylogenetic Analysis Our search for putative WOX and HD-ZIP IV sequences was performed throughout the entire genomes of the same five plant species using HMMER software version 3.0 on Mobyle @Pasteur (http://mobyle.pasteur.fr/cgi-bin/portal. py#welcome, last accessed February 13, 2014). Profile HMMs (Eddy 1998) were generated and calibrated based on the alignment of the complete set of Arabidopsis WOX (van der Graaff et al. 2009 ) and HD-ZIP IV (Nakamura et al. 2006; Ariel et al. 2007 ) protein sequences, respectively. The resulting hits were combined, and redundant, unfinished, or non-full-length sequences were discarded.
Phylogenetic analyses were performed on the basis of multiple alignments of nucleotide sequences obtained using MUSCLE (Edgar 2004) . For both gene families, we used the GTR (general time reversible) evolutionary model (Tavar e 1986) , which accounts for heterogeneity of substitution rates with a -distribution of eight categories plus a proportion of invariant sites estimated from the data (1). This model choice was selected by JModelTest v2.1.3 as the best-fitting nucleotide substitution model according to the AIC (Abascal et al. 2005) . Maximum-likelihood (ML) trees were constructed using PhyML v3.0 (Guindon and Gascuel 2003; Guindon et al. 2010) . Tree topology searching was optimized using the subtree pruning and regrafting option. The statistical support of the retrieved topology was assessed using a bootstrap analysis with 1,000 replicates. Bayesian analysis was implemented in MrBayes 3.1.2 (Huelsenbeck and Ronquist 2001) . In particular, searches were run with four Markov chains for 10 million generations and sampling every 1,000th tree. After the stationary phase was reached (determined by the average standard deviation of split sequences approaching 0, which reflects the fact that independent tree samples became increasingly similar), the first 25,000 trees were discarded as burn-in and a consensus tree was then constructed to evaluate Bayesian posterior probabilities on clades. Resulting trees were represented and edited using FigTree v1.3.1.
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